Pseudohypoparathyroidism is a rare endocrine disorder that can be caused by genetic (mainly maternally inherited inactivating point mutations, although intragenic and gross deletions have rarely been reported) or epigenetic alterations at GNAS locus. Clinical and molecular characterization of this disease is not that easy because of phenotypic, biochemical and molecular overlapping features between both subtypes of the disease. The European Consortium for the study of PHP (EuroPHP) designed the present work with the intention of generating the standards of diagnostic clinical molecular (epi)genetic testing in PHP patients. With this aim, DNA samples of eight independent PHP patients carrying GNAS genetic and/or epigenetic defects (three patients with GNAS deletions, two with 20q uniparental disomy and three with a methylation defect of unknown origin) without GNAS point mutations were anonymized and sent to the five participant laboratories for their routine genetic analysis (methylation-specific (MS)-MLPA, pyrosequencing and EpiTYPER) and interpretations. All laboratories were able to detect methylation defects and, after the data analysis, the Consortium compared the results to define technical advantages and disadvantages of different techniques. To conclude, we propose as first-level investigation in PHP patients copy number and methylation analysis by MS-MLPA. Then, in patients with partial methylation defect, the result should be confirmed by single CpG bisulphite-based methods (ie pyrosequencing), whereas in case of a complete methylation defect without detectable deletion, microsatellites or SNP genotyping should be performed to exclude uniparental disomy 20.
INTRODUCTION
Pseudohypoparathyroidism (PHP) is a rare disorder characterized by hypocalcaemia, hyperphosphataemia and elevated parathyroid hormone (PTH) levels as a result of end-organ resistance to this hormone. [1] [2] [3] PHP in association with obesity and clinical features of Albright hereditary osteodystrophy (AHO), which includes short stature, variable degree of mental retardation, brachydactyly and heterotopic ossifications, is classified as PHP1A (OMIM 103580). [3] [4] [5] [6] In most cases (70-80%), PHP1A is caused by maternally inherited heterozygous inactivating mutations in the coding sequence of Gsa (exons 1-13 of GNAS), whereas paternally inherited mutations are associated with AHO alone, in the absence of hormone resistance -a variant termed 'pseudopseudohypoparathyroidism' (PPHP) (OMIM 612463). 3, 4 Both diseases are characterized by a decreased responsiveness of Gsa to the in vitro stimulation of the GPCR-cAMP-PKA pathway. Beside point mutations, in very few patients, large deletions including part or the whole gene have been reported [7] [8] [9] (Figure 1) .
The other main form of PHP is PHP type 1B (PHP1B; OMIM 603233), characterized by PTH resistance and sometimes TSH resistance, but usually patients have neither additional endocrine abnormalities nor further clinical features. PHP1B subjects display paternal-specific patterns of cytosine methylation within differentially methylated regions (DMRs) of their maternally inherited GNAS alleles, 10, 11 suggesting a loss of imprinting (LoI) as the basis of the disorder.
Most PHP1B cases, showing LoI at all GNAS-DMRs, are the uniquely affected individuals of their family and thereafter considered as sporadic (sporPHP1B). [10] [11] [12] [13] The postzygotic occurrence of this epigenetic defect is supported by the observation of a partial LoI in some patients. 14, 15 In a small subset of these patients (10-25% according to various reports), uniparental disomy of chromosome 20q has been identified as the cause of the GNAS methylation anomaly. [16] [17] [18] [19] On the other hand, some cases are familial with an autosomal dominant mode of inheritance (AD-PHP1B). 10 AD-PHP1B is typically associated with a loss of methylation restricted to the exon A/B DMR owing to maternally inherited microdeletions within STX16 11, 13, 20, 21 or NESP55, 22 which likely harbour a cis-acting control element crucial for the establishment of the methylation imprint at exon A/B. In addition, deletions removing the entire NESP55 DMR as well as part of GNAS-AS transcript have also been identified in some AD-PHP1B kindreds in whom affected individuals show loss of all maternal GNAS imprints. 15, 23 However, clinical and molecular analysis for PHP is not easy to achieve because of different reasons. First, beyond the classic PHP type 1 classification, our groups and others demonstrated a genetic overlap between PHP1A and PHP1B, reporting patients with mild AHO features and methylation defects. [24] [25] [26] [27] Second, Gsa activity has also been reported to be decreased not only in patients with GNAS mutations (PHP1A) but also in patients with methylation defects at the GNAS locus. 28 Third, as mentioned above, methylation defects at the GNAS locus may be partial and undetected by non-quantitative methods of methylation analysis.
The aim of this work was to provide an external quality assessment (EQA) among five different European laboratories with the purpose of raising and maintaining the standards of diagnostic clinical molecular (epi)genetic testing in PHP patients. The idea was formed in 2012 after the first meeting of the EuroPHP Consortium supported by the European Society of Pediatric Endocrinology (ESPE). The main issue reflected by participating clinicians and scientists was the classification of different degrees of methylation defects, that is, partial versus complete, at GNAS-DMRs (see Supplementary Figure 1) . Therefore, eight patients with known GNAS molecular defects were selected, anonymized and sent to participant laboratories. Each laboratory was asked to characterize the (epi)genetic variation, explain the causative defect (if possible) and propose further analyses (if needed).
MATERIALS AND METHODS
A group of clinician and scientist members of the EuroPHP Consortium designed an external quality assessment (EQA) for the (epi)genetic analysis of patients with PHP not caused by point mutations at the GNAS gene.
Scheme design
The five participant laboratories received aliquots of the same eight samples of PHP patients without point mutations at GNAS gene. They were asked to perform molecular analysis using their in-house methods and to send back the raw data and the genetic interpretation.
Results were compared and discussed at a workshop in Lübeck, Germany in 2013, focused on diagnostic flow, methodologies, interpretation of results and reporting, with the final aim to formulate Best Practice Guidelines for the molecular diagnosis of PHP supported by the ESPE.
Bisulphite modification
Approximately 0.5-1 mg DNA was subjected to sodium bisulphite treatment and purified using the EZ GOLD methylation kit (Zymo, Irvine, CA, USA), EpiTect bisulphite kit (Qiagen, Hilden, Germany) or MethylDetector bisulphite modification kit (Active Motif, Carlsbad, CA, USA), according to the manufacturer's instructions. Experiments were run in duplicate or triplicate, depending on the laboratory.
Methylation detection
Methylation-specific-MLPA. Allelic dosage and methylation analyses of GNAS were carried out by methylation-specific (MS)-MLPA using SALSA ME031 kit (MRC-Holland, Amsterdam, The Netherlands). The analysis of MS-MLPA PCR products was performed on an ABI3500 (Lab no. 5) or ABI3130xl (Lab no. 3) genetic analysers, and analysed using the GeneMapper v.4.1, PeakScanner v.1.0 (Applied Biosystems, Foster City, CA, USA) and Coffalyser v.9.4 (MRC-Holland) softwares, as described previously. 29 Pyrosequencing. Standard bisulphite PCR using commercial or home-made primers targeting DMRs at NESP55, AS, XLas and exon A/B were used for amplification (see Supplementary Table 1 ). The entire biotinylated PCR product was mixed with 40 ml of binding buffer and 2 ml (10 mg/ml) of streptavidin-coated polystyrene beads. Bead-amplicon complexes were captured on a vacuum prep tool (Qiagen) and PCR products were denatured using 0.2 M NaOH. The denatured DNA was resuspended in 0.3 mM of sequencing primer dissolved in annealing buffer and primer annealing was achieved by heating the sample at 80 1C for 2 min before cooling to room temperature. The pyrosequencing reaction was carried out on a PyroMark Q96 or Q24 instrument (Qiagen). Peak heights were determined using the PyroMark Q24 v.2.0.6.20 software. 14, 26 The percentage of CpG methylation for each DMR was calculated as the mean of the percentage of methylation at each CpG.
Sequenom EpiTYPER system. NESP55, XLas and exon A/B methylation was studied via the Sequenom EpiTYPER using primers and conditions reported previously. 30 Briefly, PCR amplification reactions for each amplicon consisted Figure 1 Schematic representation of GNAS locus including the genetic deletions described. Maternal STX16 deletions cause isolated A/B loss of methylation; 11, 13, 20, 21 maternal deletion of NESP55 leads to isolated A/B loss of methylation with hemizygosity in NESP55. 22 However, maternal deletions affecting AS exons 3 and 4 result in a loss of methylation at all maternal GNAS imprints. 15, 23 Gross deletions affecting some or all the DMRs of GNAS locus and leading to an apparent methylation defect has also been published. [7] [8] [9] EQA for PHP not caused by point genetic variants I Garin et al of 20 ng of bisulphite-treated DNA, 1 Â of Megamix Gold (Microzone Ltd, Haywards Heath, UK) and 0.2 mM of primers (Life Technologies, Carlsbad, CA, USA), and 2 ml PCR products were used as template for in vitro transcription and RNAaseA cleavage for the T-reverse reaction (Sequenom hMC, San Diego, CA, USA). Samples were spotted on a 384-SpectroCHIP (Sequenom) and analysed by the MassARRAY Analyser Compact MALDI-TOF MS and the EpiTYPER software (Sequenom). The average of CpG methylation (as percentage) for each amplicon, which was analysed on MassARRAY in triplicate, was calculated for both control and patient samples.
The position of CpGs analysed is shown in Supplementary Table 2 .
Statistical analysis
Methylation was reported as a percentage. Outliers (by each laboratory and for each sample) were defined and identified as any data point more than 1.5 interquartile ranges below the first quartile or above the third quartile and calculated by Dixon's Q test for outliers. 31, 32 These data were removed for the calculi.
An exploratory data analysis of the sample studied (mean and standard deviations and median and interquartile ranges for values of biomarkers measured by each instrument assessed) was performed. Based on the distribution of the data, median and interquartile ranges were used for comparisons. In addition, boxplots of each biomarker were performed.
For healthy controls (50% of methylation), the coefficient of variation for each DMR at each laboratory was computed. The coefficient of variation is a measure of dispersion around the mean. It represents the ratio of the standard deviation to the mean.
The nonparametric Kruskall-Wallis test for independent samples was used to evaluate the interlaboratory and intertechnique variability for each sample.
Furthermore, reference values were calculated for each DMR and stratified by methylation percentage (0, 50 and 100%) using nonparametric methods, computing the 2.5th and 97.5th percentile and their 95% confidence intervals (CIs).
All statistical analyses were performed using the SAS System statistical package (version 9.2) and figures were developed by R statistical software (R Foundation for Statistical Computing, Vienna, Austria; http://www.Rproject.org/). After Bonferroni correction, a P-value of o0.05 was deemed to indicate statistical significance.
RESULTS
Two laboratories (Lab nos. 2 and 4) performed pyrosequencing analysis, Lab no. 1 used the Sequenom EpiTYPER technology, whereas Lab nos. 3 and 5 used both MS-MLPA and pyrosequencing analysis. Lab no. 3's methylation data are for MS-MLPA and ones from Lab no. 5 are for pyrosequencing; these techniques were the ones used for routine diagnosis.
Bisulphite modification was performed by EZ GOLD methylation kit (Lab nos. 4 and 5), Epitec bisulphite kit (Lab no. 2) and MethylDetector bisulphite modification kit (Lab no. 1), and posterior experiments were run on PyromarkQ96 (Lab nos. 3 and 4), PyromarkQ24 (Lab nos. 2 and 5) and EpiTYPER (Lab no. 1) (see Supplementary Table 3) .
Genomic regions analysed
The five laboratories studied different or overlapping regions of the four GNAS-DMRs (Supplementary Figure 2) . In brief, for GNAS-AS, Lab nos. 2, 3 and 5 analysed the same region, whereas Lab no. 4 analysed an independent and non-overlapping one. For NESP55, Lab nos. 2 and 3 analysed the same region and Lab nos. 4 and 5 studied the same CpGs in one of their assays. Different regions were analysed for the other two DMRs. The number of the CpG islands analysed by the different groups is around 8-12 for each DMR. In one laboratory (Lab no. 1), the GNAS analysis comprised three DMRs (NESP55, XLas and A/B).
Controls' results
All laboratories developed their assays after checking the normal values for control people (expected 50% of methylation), with similar results independent of the technique or bisulphite treatment used. Lab no. 1 showed the lowest methylation values for all the DMRs (Supplementary Figure 3A) .
Three labs used specific samples as standards for 0% methylation controls, being either pat20UPD DNA sample (Lab nos. 3-5) or commercial 0% (Cells-to-CpG Unmethylated gDNA Control; Applied Biosystems) (Lab no. 5). Based on the results, commercial control was thereafter excluded for subsequent analysis because it was not adjusted to 0% (Supplementary Figure 3B) .
As 100% methylation control, Lab no. 4 used a patient-derived DNA sample with paternal deletion of the GNAS locus, whereas Lab no. 5 used both paternal 20q deletion and commercial 100% (Cellsto-CpG Methylated gDNA Control; Applied Biosystems), both with similar results, except for NESP55 where the commercial DNA maintains the fully methylated result (100%) and the pat20q deletion presents nearly 0% of methylation as expected (Supplementary Figure 3C) .
Samples' results
Anonymized samples were sent to the five laboratories for methylation analysis of GNAS-DMRs and interpretation of the data was performed regardless of clinical information.
Selected samples included: a proven genetic defect at GNAS (genetic variants described at http: //www.LOVD.nl/GNAS): paternal (OMIM no. 612463) and maternal deletion at the GNAS locus (EQA no. 1, GNAS_00212 and EQA no. 2, GNAS_00213, respectively), and intragenic maternal deletion at the GNAS gene (EQA no. 4, GNAS_00211; FernandezRebollo et al 8 ); a cytogenetic defect involving GNAS: pat20qUPD (EQA no. 5); partial methylation defects at the whole GNAS locus either due to a mosaic of pat20qUPD (EQA no. 8; Maupetit-Mehouas et al 19 ) or from unknown origin (EQA nos. 3, 6 and 7). Table 1 summarizes the results of our GNAS analysis and the proposed genetic interpretation, whereas Figure 2 shows the data sustaining the proposal. Even if analysed regions were not exactly the same for most DMRs (see Supplementary Figure 2) , all labs were able to define accurately the methylation defect of analysed samples, independently of the method used.
In particular, all labs identified the methylation alteration at the GNAS locus, but only those using MLPA were able to attribute the defect to genomic deletions within the locus (see samples in EQA nos. 1, 2 and 4), owing to the additional information provided by the MS-MLPA kit on methylation-independent probes against most GNAS exons, as well the STX16 gene.
All labs gave a similar interpretation for EQA nos. 3, 6-8 and some of them (Lab nos. 4 and 5) pointed out the need for further studies to conclude the exact underlying molecular determinant of the observed methylation defect, as it could be a primary epigenetic defect or secondary to genetic defects as UPD or deletions.
It was noted that uniparental disomy was unanimously suggested by laboratories when methylation defects affected all GNAS-DMRs. Alternatively, laboratories not performing MS-MLPA also proposed to exclude deletions as the primary genetic defect by further investigations.
Although the MS-MLPA reaction is robust and reproducible, the use of different DNA extraction methods may determine a different DNA degradation pattern and the carryover of different contaminants (ie heparin, melanin, etc), thus possibly influencing the peak pattern. To minimize non-biologic differences between EQA samples and inlab healthy references, we purified EQA samples by ethanol precipitation. Nevertheless, we could estimate the acceptable quality of experiments, but we were not able to fully eliminate variability and the copy analysis could not be properly ascertained for some of the samples (EQA nos. 1 and 2).
Statistical analyses of methylation percentages among labs showed significant differences for most samples, although they could not be associated with either the lab or the analysed region (Supplementary  Table 4A ). When techniques were compared, statistical differences were also observed (Supplementary Table 4B) .
One important limiting step of the study was the definition of boundaries for a normal, partial and complete methylation defect. According to results obtained by different techniques, we tried to define cutoffs for partial and complete methylation defects, and data from this analysis for each DMR are summarized in Table 2 . Pyrosequencing reference values for methylation defects were a methylation percentage higher than 70% for complete GoM at NESP55 (50% methylation range: 32-68%), and lower than 20% at GNAS-AS (50%: 35-55%), lower than 16% at XLas (50%: 30-57) and lower than 14% at exon A/B (50%: 35-63%) for complete LoM. Regarding MS-MLPA, reference values were established as higher than 90% for GoM at NESP55 (50%: 38-61%), and lower than 16% at GNAS-AS (50%: 42-62%), lower than 17% at XLas (50%: 36-62%) and lower than 8% at exon A/B (50%: 38-65%) for complete LoM. For EpiTYPER, cutoff values were as follows: higher than 92% for hypermethylation at NESP55 (50%: 5-61%), and lower than 28% for hypomethylation at XLas (50%: 13-61%) and lower than 26% for hypomethylation at exon A/B (50%: 11-62%).
DISCUSSION
More than 70 years ago, Albright et al 33 described PHP as an entity characterized by hypocalcaemia and hyperphosphataemia with a reduced calcaemic and phosphaturic response to injected bovine parathyroid extract, leading to the hypothesis of a resistance to PTH action. Now, PHP encompasses a heterogeneous group of rare metabolic disorders characterized by end-organ resistance to the action of PTH and whose (epi)genetic defect(s) are been actively investigated (for a review, see Mantovani 34 ). Clinical diagnosis of PHP1A and PHP1B is hampered by (epi)genetic and clinical overlaps. [24] [25] [26] [27] It is therefore of utmost importance to establish a reliable identification and quantification of the methylation at GNAS-DMRs to (i) provide an accurate diagnosis of PHP to patients and physicians, (ii) orientate genetic and cytogenetic investigations depending on the methylation pattern and (iii) identify patients without any known primary defect causing the methylation anomalies to nourish the research.
In the present work, a group of experts in clinical and molecular aspects on PHP analyzed the (epi)genetic status of eight independent PHP patients without point mutations at GNAS gene. Methylation status was studied by pyrosequencing, Sequenom EpiTYPER and MS-MLPA.
First of all, technique validation was analyzed by measuring the coefficient of variation for 50% methylation control and differences seem to be due to the used technique. For the experiments, all labs used DNA from healthy people as 50% methylation control and some of them do also include in-house or commercial 0 and 100% DNA controls. Based on our experience, in-house 0 and 100% controls show more robust data, so we suggest to use them.
Previous studies suggested that pyrosequencing with specific primers after bisulphite treatment of the genomic DNA is more sensitive in detecting methylation defects rather than MS-MLPA, as it is a precise quantitative method. 35, 36 Despite statistical differences in methylation quantification, our data show that the (epi)genetic interpretation for each patient was essentially the same, independently of the technique used, even for cases presenting a partial methylation defect. Differences among techniques, reported previously, are more marked in case of partial defects with very subtle methylation defects, which are mainly present in imprinting disorders with a postzygotic methylation establishment. 36 Additional patients with partial methylation defects (infrequent in PHP) should be analyzed to confirm differences among techniques. On the other hand, MS-MLPA experiments are useful not only for methylation quantification but also for the identification of putative deletions or duplications causative of some methylation defects, an essential information for proper genetic counselling. 37 In the present work, only Lab nos. 3 and 5 could identify deletions carried by EQA nos. 1, 2 and 4. However, MS-MLPA presents the limitation that reference and index samples should be extracted by the same method and have a similar concentration to minimize non-biologic differences and structural variation (see hhtp: //www.mlpa.com). This could be the cause for the difficulty found for copy analysis by MS-MLPA in EQA nos. 1 and 2.
We also highlight that an identical interpretation was obtained independently of the analysed region, indicating that methylation defects in PHP are not CpG specific, in contrast to other diseases. 38, 39 The validation of such data in PHP patients with methylation defects not caused by genetic alterations is important, as biased results have been shown in other imprinting disorders owing to the variation of methylation at neighbouring CpGs within the DMRs. 40, 41 Based on our results, partial methylation defects are difficult to relate with threefold standard deviation, as in previous reports. 42 Thus, we propose to define partial methylation defects at GNAS for each technique and at each DMR, and we confirm that it is essential to use in-house 0, 50 and 100% controls for methylation analysis. Partial methylation defects may arise from a postzygotic occurrence of the epigenetic defect. 19 The distribution of mosaic genetic defects can vary widely among different tissues of a patient, and similar discrepancies can also be found for methylation defects. 43 This implies that partial 'epimutations' detected in lymphocytes of PHP patients might be explained by mosaicism; thus, strict methylation cutoff values for partial GoM or LoM are not useful in this condition. Moreover, low or undetectable (epi)mutations in lymphocytes do not exclude a high percentage of mutated cells in target tissues like the proximal renal tubule.
In conclusion, this EQA study showed that, in spite of small differences in methylation percentages and the use of different methods, the overall results as well as the consequent (epi)genetic interpretation were very similar in all involved labs. MS-MLPA demonstrated the advantage, besides the estimation of methylation frequencies at all four GNAS-DMRs, to detect large deletions within the coding sequence of Gsa, alternative GNAS exons or STX16, allowing to pick out patients affected with sporPHP1B or AD-PHP1B in one experiment. Therefore, this method proved to be suitable to identify concomitantly both genetic and epigenetic GNAS defects in PHP patients. Nevertheless, this method is sensitive to DNA impurities and DNA isolation methods, and thus it is strongly recommended to perform DNA isolation in the lab performing the assay.
According to the long-standing experience of involved groups in performing the clinical and molecular diagnosis of PHP and to the results of this EQA study, we propose, as a further workflow for PHP patients without GNAS inactivating mutations, to perform copy and methylation analysis by MS-MLPA. Subsequently, in patients with a partial methylation defect, confirm the result by pyrosequencing or any other quantitative CpG-specific bisulphite-based method. If complete methylation defect is found, in the absence of a detectable deletion, microsatellite or SNP genotyping should be finally performed to exclude uniparental disomy.
